Galactinol synthase (GS, UDP-a-D-galactose:1L-myo-inositol-1-O-a-D-galactopyranosyltransferase) is a key enzyme in the biosynthetic pathway of the raffinose family of oligosaccharides. The subcellular location of GS was studied in the parenchyma of stachyose-storing tubers of Japanese artichoke (Stachys sieboldii) by isolation of protoplasts and vacuoles. A comparison of the activities of GS, malate dehydrogenase, and alcohol dehydrogenase (extravacuolar markers) and a-mannosidase and ,-N-acetylglucosaminidase (vacuolar markers) in parenchyma protoplasts with those of vacuoles isolated from them showed that GS was an extravacuolar enzyme.
(extravacuolar markers) and a-mannosidase and ,-N-acetylglucosaminidase (vacuolar markers) in parenchyma protoplasts with those of vacuoles isolated from them showed that GS was an extravacuolar enzyme.
In an earlier study (6) , we showed that galactinol, the main product of GS, is present in the extravacuolar space of the typical RFO-storing parenchyma cells of Japanese artichoke tubers (Stachys sieboldii). Furthermore, we showed that stachyose, the RFO tetrasaccharide, is stored in the vacuoles of these tubers (6) and transported across the tonoplast via an active sugar carrier (5) . A possible interpretation of these three findings is that the whole synthetic pathway of the RFO in Japanese artichoke tubers occurs outside the vacuole. The aim of this study was to find direct evidence for an extravacuolar location of GS, the first enzyme of the RFO synthesis, using the established method for the isolation of protoplasts and vacuoles of Japanese artichoke tubers (6) . It thus provides activated galactosyl substrate for the synthesis of RFO. Since its first discovery in maturing pea seeds (2), GS has been found in a number of plant species and tissues. GS activities showed a positive correlation with RFO levels and a negative correlation with sucrose levels in leaves of 20 plant species (4). During plant development, GS activities were also positively correlated with RFO levels in cucumber leaves (8) and with RFO accumulation in soybean seeds (4, 7, 10) . These correlations strongly suggest an important regulatory role of GS in the channeling of carbon into RFO.
Even though GS has been purified and biochemically characterized (3, 9, 11, 12) , its subcellular location has not been determined. GS has been suggested to be a cytosolic enzyme in cucumber leaves, mainly on the grounds of its good solubility in cell-free extracts and neutral pH optimum (3) . Knowledge of a more exact location, however, is needed and is a prerequisite for a better understanding of its role, regulation, and function in vivo. ' This work was supported by the Swiss National Foundation.
2Abbreviations: GS, galactinol synthase; RFO, raffinose family of oligosaccharides.
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Plant Material
Tubers of Japanese artichoke (Stachys sieboldii Miq.) were grown outdoors in a nursery garden of the Institute of Plant Biology, University of Zurich, and were harvested in November. They were stored in moist sand in the dark at 5oC for up to 4 months.
Isolation of Protoplasts and Vacuoles
Protoplasts and vacuoles from the storage parenchyma of resting tubers were prepared exactly as described previously (5) . Briefly, protoplasts were prepared from chopped tuber parenchyma by enzymic digestion of the cell walls with Cellulase Y-C and Pectolyase Y-23 (Seishin Pharmaceutical, Tokyo, Japan). Vacuoles were released from purified protoplasts by gentle, selective lysis of the plasmalemma. Yields and purity of the vacuoles were estimated by comparison of extravacuolar markers (malate 4ehydrogenase, alcohol dehydrogenase) with vacuolar markers (a-mannosidase, (-Nacetylglucosaminidase) as described by Keller and Matile (6) .
Enzyme Extraction
Tuber parenchyma (1 g) was homogenized in pematant was either directly desalted as described below or ultracentrifuged at 100,000g for 30 min. After ultracentrifugation, the supematant was also desalted, whereas the pellet Plant Physiol. Vol. 99, 1992 was resuspended in extraction buffer by sonication at 40C for 1 min.
Assay of GS Activity
Enzyme samples (500 ,uL) were desalted by passage through 3-mL Bio-Gel P-6 (medium) columns, preequilibrated with extraction buffer. For compartmentation studies, the desalted samples were concentrated three-to ninefold by ultrafiltration through Ultrafree-MC filter units (10,000 nominal mol wt limit; Millipore AG, Kloten, Switzerland). The faster flowing 10-kD units were chosen because preliminary experiments had shown that similar GS activities were obtained when ultrafilters with cutoff points of 10 and 30 kD were used, respectively. GS activity was measured radiometrically using a modification of the assay described by Pharr et al. (9) ,mol of the measured product per min.
RESULTS AND DISCUSSION
Vacuoles were isolated from protoplasts of the storage parenchyma of tubers of S. sieboldii by our well-established method (5, 6 ). An average yield of vacuoles of 35.9% of the original vacuoles present in the protoplasts was obtained as assessed by the recovery of the vacuolar markers a-mannosidase and fl-N-acetylglucosaminidase in the vacuolar fraction (Table I) . Only 6.7 and 4.4% of the activities of the extravacuolar markers malate dehydrogenase and alcohol dehydrogenase, respectively, cosedimented with the vacuoles, indicating that the purification procedure was highly effective. Yield and purity of the isolated vacuoles were, therefore, similar to that of earlier reports (5, 6) and were sufficiently high to allow compartmentation analysis. Table I shows that 9.2% of the GS activity was associated with the vacuoles, which is similar to the extravacuolar contamination (4.4-6.7%). It might, therefore, be concluded that GS is an extravacuolar enzyme. A loose association with the cytosolic side of the tonoplast in vivo and an artifactual dissociation during isolation cannot be completely ruled out.
No attempt was made to exactly localize GS in the extravacuolar space, i.e. to distinguish between cytosolic and organellar location in the cytoplasm. When a crude cell homogenate was ultracentrifuged at 100,000g for 30 min, 93.8% of the total GS activity (4.8 milliunits/g fresh weight) was found in the supematant and 6.2% in the pellet. This indicates that GS is a soluble or readily solubilized enzyme. However, a definite location in the cytoplasm cannot be assigned to GS with this approach and has to await more detailed cell fractionation studies.
The physiological role of GS in Stachys tubers is not very clear at the moment. The most obvious one is that of a key enzyme to commit imported sucrose to stachyose synthesis during tuber formation. Even though GS activity seems to be positively correlated with tuber development (9.9, 21.7, and 6.1 milliunits/g fresh weight for small, medium [both growing] and large [dormant] tubers, respectively), it is relatively low compared with published activities for other RFO plants (about 100 milliunits/g fresh weight for developing soybean seeds [1, 10] and up to 2500 milliunits/g fresh weight for leaves [4] ). Furthermore, preliminary measurements did not show any detectable enzyme activity of the subsequent steps of RFO synthesis, i.e. raffinose synthase and stachyose synthase, in Stachys tubers. The bulk of the large amounts of stachyose present in Stachys tubers, therefore, seems not to be the result of de novo synthesis but of direct phloem import of stachyose. Phloem unloading is probably of the symplastic 
